Fish oils extracted from 6 species of marine fin fish caught from Pulau Tuba area, near Langkawi Island, a famous tourism destination in Malaysia, were evaluated for their oxidative stability during storage at both -27 and 4℃. The five fish species were "kerisi" (threadfin breams,sScomberomorus commersoni), "kerapu" (groupers, Cynoglossus lingua), "kembong" (Indian mackerel, Psettodes crumei), "gelama kling" (drum-croaker-jewfish, Pristipomodes typus), and "tinggiri batang" (Spanish mackerels, Scolidon sorrakowah). Results showed that stability of oils stored at -27℃ was better than that of oils stored at 4℃. Iodine value (IV) of oils decreased during storage, while other parameters, namely peroxide value (PV), anisidine value (AnV), acid value (AV) and thiobarbituric acid (TBA) value increased. However, the rate of quality deterioration of oil samples was relatively low, as shown by very little changes in fatty acid profiles of the oil, meaning that both storage temperatures might be used for storage purposes of fish oil.
Introduction
Fish oil has been around for a very long time (Marchioli, 2001) . It has become more popular because of its useful effects on human health. Current research studies indicated the importance of fatty acids of fish flesh for human health due to its high proportion of unsaturated fatty acid esters.
Fish lipids are well known to be rich in long chain n-3 polyunsaturated fatty acid (PUFA), especially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). These fatty acids play a vital role in human nutrition, disease prevention, and health promotion (Rafflenbeul, 2001) . Besides, arachidonic acid (AA) and DHA are structural components of cell membrane phospholipids and precursors of eicosanoids, which play important roles in the development of the central nervous system including the retina. Moreover, many studies have shown that fish oil supplementation increases the DHA content of blood components (Connor, 2000) .
Fish oil also has important industrial applications in food, pharmacy, cosmetics, and paint products. However, due to its high content of polyunsaturated fatty acids, including EPA and DHA, fish oil is normally highly susceptible to oxidative spoilage (Huss, 1988) and the rate of fish oil oxidation is significantly different from that of other oils.
In the food system, the application of fish oils has a limitation because lipids are labile when exposed to heat, air and light. Also, the unpleasant taste and odor of fish oil can cause deterioration in the quality of food products (Huss, 1988) . The measure of lipid oxidative stability therefore, is an important task because this determines the shelf-life of many foods. Foods having low oxidative stability degrade quickly, producing undesirable flavors and unhealthy compounds. This property is especially significant in foods containing high proportions of unsaturated acyl groups, such as in fish (Huss, 1988) .
The objective of this study was to investigate the stability of fish oil produced from marine fin fish caught in Pulau Tuba area, near Langkawi Island, a major tourist resort in Malaysia during storage at -27 and -4℃. The five fish species studied were selected because they have quite considerable commercial importance in Malaysia.
Materials and Methods
Fish species and chemicals Fish oil, extracted from marine fin fish caught from Pulau Tuba area, near Langkawi Island on 15 October 2004 was used in this study. Six fish species commonly found in the island, namely "kerapu" (groupers, Cynoglossus lingua), "kembong" (Indian mackerel, Psettodes crumei), "kerisi" (threadfin breams, Scomberomorus commersoni), "gelama kling" (drum-croakerjewfish, Pristipomodes typus), and "tinggiri batang" (Spanish mackerels, Scolidon sorrakowah) were selected to be used in this study. All chemicals used were of analytical grade and obtained from Merck (Germany) and Sigma-Aldrich (USA).
Sample preparation Fish samples were washed with clean sea water at the point of collection, separated by species, packed in plastic bags and transferred to the laboratory under ice boxed where they were kept at -27℃ until analyzed.
Prior to extraction of the oil the fish was thawed at 4℃ for 12 hours and duplicated samples of each type of fish were obtained from eviscerated fish consisting of flesh and skin. The fish lipids were extracted by Folch (1957) method with slight modifications. The fish samples were homogenized with a mixture of chloroform and methanol (2:1, v/v). Sodium chloride solution (0.9%, NaCl) were added to the homogenate and centrifuged at 3000 rpm for 15 min at 4℃ after vortex three times for 30 s. The lower clear phase were collected and concentrated with a rotary evaporator at 35℃. The concentrated lipid extract was quantitatively transferred to a vial. Aliquots were evaporated to constant weight under nitrogen to determine total lipid content.
Analysis of antioxidant activity of fish oil Antioxidant activity originally present in the fish oil was determined by oxygen consumption measurement method. This analysis was conducted to determine whether the fish oil contain initial antioxidants which might contribute to the extended shelf-life of the oil. Oxygen depletion in a linoleic acid emulsion system with added ferrous (Fe 2+ ) ions, and in the absence and presence of the fish oil, was measured according to the methods of McGookin and Augustin (1991) , Lingnert et al., (1979) , and Wijewickreme and Kitts (1997) using a YSI Model 5300 biological oxygen monitor (Yellow Springs, OH). Each sample of the fish oil were first dissolved in a linoleic acid emulsion (1.5 g of linoleic acid mixed with 0.1 g of Tween 20 in 40 mL of 0.1 M potassium phosphate buffer (pH 6.8)). One milliliter of this mixture was then mixed with 5 mL of buffer (0.1 M potassium phosphate buffer, pH 6.8), and 0.6 mL of 2 mM FeSO 4 dissolved in 0.1 M potassium phosphate buffer (pH 6.8). The reaction mixture was pumped into a jacketed reaction vessel containing an oxygen electrode at room temperature. Oxygen depletion was recorded immediately after the reaction mixture was introduced into the vessel. Both antioxidant and prooxidant activity of natural antioxidant mixtures were expressed in terms of protective index (PI), defined as:
time for 50% O 2 depletion with test compound PI = _________________________________________ time for 50% O 2 depletion without test compound where PI < 1 denotes prooxidant activity, PI=1 denotes no activity, and PI>1 denotes antioxidant activity (Lingnert et al., 1979) . A 50% O 2 depletion is reached when the oxygen concentration left in the chamber is half (50%) from the initial concentration.
Fatty acid analysis Fatty acids contents of the total lipid extracted were determined by methlylation of 0.1g of lipid with 1% sulphuric acid-methanol at 95℃ for 2 h. The lipid samples were placed in a test tube then 1 mL of toluene and 1 mL of the sulphuric acid-methanol were added and the mixtures were heated for 2 h at 95℃. After cooling the samples under ice, 1 mL of water and hexane were added and the samples were vortexed and centrifuged. The methylated fatty acids were collected under hexane and evaporated by nitrogen gas and then reconstitute with hexane before running for gas chromatography (GC) for fatty acid analysis.
Routine analyses of fatty acid methyl esters (FAMEs) were performed by a Perkin Elmer gas cromatography-mass spectrometer (GC-MS) Model Autosystem XL equipped with FID detector where hydrogen and compressed air were used. A capillary column (30 m × diameter 0.25 µm film thickness) with split ratio of 50:1 was used to separate the esters. Hexane was used as a liquid phase for the sample. The analyses were performed at initial temperature of 160℃ for 5 minutes and raised to 250℃ for 10 min at a rate of 4℃/min. Temperature of injector and detector was 280℃. Helium gas was used as carrier gas flowing at 1 mL/min. The fatty acids compositions of the sample and fish oil were identified by comparison with retention times of known standard mixture (Sigma Chem. Co.) of fatty acids. Menhaden oil (Sigma Chem. Co.) was used as standard PUFA.
IV, PV, AnV, AV and TBA analyses Iodine value (IV), peroxide values (PV), and anisidine value (AnV), acid value (AV) and thiobarbtituric acid (TBA) value were used to measure the extent of lipid oxidation. These determinations were carried in triplicate during storage. PORIM test methods (1995) were used to determine PV, IV, TBA, and AV while AnV was determined according to IUPAC methods (1987) .
Statistical analysis All data were evaluated with statistical analysis system software (SAS, 1989) . This program was used to analize data for determining analysis of variance (ANOVA), standard deviation and Tuckey's multiple range test (Steel and Torrie, 1980) . In all tables, statistical signifi-cance is indicated by appropriate letters within the tables.
Results and Discussion
Assessment of antioxidant activity by oxygen consumption measurement In this study, oxygen consumption measurements were undertaken as a chemical measure for evaluating lipid oxidation reactions. The percentage of oxygen remaining in the reaction chamber over a period of time, in the absence and presence of antioxidant-contained fish oil, was recorded as a measure of calculating PI values of these antioxidants. Figure 1 shows percentage oxygen consumption by the fish oil, as well as rosemary extract for comparison, in a linoleic emulsion system.
It is clear that the percentage of oxygen remaining in the vessel depleted more rapidly in the control emulsion compared to the other emulsions containing the fish oil samples. It indicated that no fish oil sample with a potential prooxidant activity was observed.
All samples, including control, initially contained 22% remaining oxygen in the chamber. For calculating the PI values, the indicator used was the duration (in minutes) needed to reach 11% (i.e, half or 50% of initial value, 22%). For the control, sample it was required 20 min to reach 11% percent oxygen left in the chamber.
All types of fish oil evaluated were found to have the longer time to reach the 11% oxygen in left the chamber, with 27 to 28 min, meaning that this sample had antioxidative activity. The antioxidative activities of these oils, however, were lower than those of rosemary extract. This commercial antioxidant was found to have 140 min time to reach the 11% oxygen in the chamber.
The PI values, employing an iron-suplemented linoleic model emulsion system in which iron ions act as a promoter of lipid oxidation reactions, are useful to distinguish between antioxidant and prooxidant activities of various mixture samples. From this study, results showed that for all the oil samples studied, the PI values calculated were higher than control (=1). It indicated that the oils has initial capacities to act as antioxidants. The PI values of the oil were found to be between 1.35 ("kerapu") to 1.40 ("gelama kling", "tenggiri", and "kembung"). The PI value for "kerisi" oil was 1.39. Results also showed that there was no difference in antioxidative activity among the samples evaluated. However, the antioxidative capacity available in the fish oils were much lower than that of rosemary extract. The PI values of the rosemary extract was 7.0.
Fatty acid profiles of fin fish Detailed fatty acid compositions of fish oil in this study and their changes during storage are listed in Table 1 . The compositions were determined at the end of storage period (i.e, after 3 weeks) and they were compared to that of fresh oil. The compositions were based on the total fats of fish body from three different parts (i.e. head, middle, and tail).
In general, fresh fish oil in this study consisted of saturated fatty acids (SFA) 39.30 -52.30%, monounsaturated fatty acids (MUFA) 8.62 -14.52%, and polyunsaturated fatty acids (PUFA) 34.61 -51.88%. The most abundant of PUFA observed was C22:6 (docosahexaenoic acid; DHA) (14.23 -18.87%), C20:5 (eicosapentaenoic acid; EPA) (7.28 -15.76%), C20:4 (arachidonic acid, AA) (3.17 -13.68%), and C18:2 (linoleic acid) 5.59 -9.50%.
For the case of saturated fatty acids, C16:0, C18:0 and C14:0 were found to be the most predominant ones for all types of fish studied. The same trend was observed by Viswanathannair and Gopakumar (1978) and Belling et al. (1997) . Lobb and Chow (2000) have also reported that the most abundant of saturated fatty acids in fish oil is C16:0. Palmitic acid was reported to be abundant since it is a key metabolite in fish and its level is not influenced by the diet (Ackman and Eaton, (1966) . Fish oil, containing high level of polyunsaturated fatty acids, is very labile to hydrolytic spoilage and especially oxidative deterioration at a varying velocity, strongly depending on storage conditions and fatty acid profile.
As shown in table 6, during storage, for both conditions of storage, SFA of all types of fish slightly increased, while MUFA and PUFA decreased. Storage at -27℃ was found to be slightly better in retaining the fatty acid compositions in all fish species studied.
For "kerisi" oil, for example, SFA increased from 46.55% to 48.93% when stored at -27℃ and to 49.93% at -4℃ for 3 weeks, while it's MUFA decreased from 14.52% to 14.03% at -27℃ and to 13.80 at -4℃. The PUFA contents of this oil decreased from 38.48% to 36.88% when stored at -27℃ and to 35.29% at -4℃. The oils derived from other fish species in this study had also similar stability pattern to that of "kerisi" oil during their 3-weeks storage.
Peroxide, anisidine, and iodine values Peroxide value (PV) is a measure of the amount of peroxides formed in fats and oils through autoxidation and oxidation processes. Indirectly, it is a measure of the degree of initial oxidation of fats and oils. Table 2 shows that for all types of fish, no peroxide value was detected. After 3 weeks of storage at 4℃, the PV of "kerapu" increased up to 2.65 meq O 2 /kg oil to become the species with the highest increment in the value. This was followed by "gembong", "gelama kling" and "tinggiri batang" with 2.11 meq O 2 /kg oil, and "kerisi" with 1.84 meq O 2 /kg oil, respectively.
The PVs of samples stored at -27℃ were much lower compared to the values of the 4℃ storage counterparts. For the -27℃ storage, the PV of most samples were still nondetectable after 1 week. At this point, only oil samples extracted from "kerapu" and "kembong" showed a PV content, with both fish species containing a very low PV of 0.05 meq O 2 /kg oil. For all samples, it is shown that there was a slight increase in the PV until the end of the storage period. After 3 weeks of storage, the PVs of all samples ranged from 0.70-0.76 meq O 2 /kg oil. However, results showed that no significant difference among all types of oil sample after the 3-week storage.
The low increase in peroxide values observed in this study was similar to several previous reports on fish oil quality by other researchers. It has been reported that PV of sardine oil stored at -20℃ increased from 4.12 to 18.6 meq oxygen/kg during frozen storage for 150 days (Verma et al., 1995) . In another study, PV of whole fish of whiting (Merluccius mediterraneus) and horse mackerel (Trachurus trachurus) stored at -18℃ for one year showed an increase from 3.46 and 8.46 to 28.3 and 24.8 meq oxygen/kg, respectively (Simeonidou et al., 1997) . Karacham and Boran (1996) have reported that PVs of whole and gutted anchovy, stored at -18℃ for 3 months, increased from 1.8 to 8.2 meq oxygen/kg. Another report by Boran et al. (2006) indicated that raw garfish oil stored at 4 and -18℃ for 5 months increased from 3.65 to 10.60 meq oxygen/kg and from 3.65 to 5.90 meq oxygen/kg, respectively. Let et al. (2005) reported that the storage temperature, in the range of 2-9℃, had small but important, effects on the oxidation of the fish oil enriched milk emulsion. Young (1986) reported that PV of crude fish oil was lower than 20 meq oxygen/kg. According to Huss (1988) , the acceptability limit for PV of crude fish oil is 7-8 meq oxygen/kg. Low levels of PV exhibited of all samples examined in this study showed that they were within the limit and of good quality for consumption.
Results from Table 2 also indicated that duration of storage had a significant (P<0.05) effect on peroxide values of all samples. The peroxides values increased with increased time of storage until week 3. Augustin and Berry (1983a) reported that hydroperoxides, the primary products of oxidation, degrade to form secondary products of which aldehydic components are measured by the anisidine value (AnV) test. This test has an enhanced sensitivity for unsaturated aldehydes, especially 2,4-dienals, but does not measure the ketonic secondary products of oxidation (Augustin and Berry 1983b) . In this study, there was a marked increase in anisidine values (AnVs) for all samples after week 1 (Table 3) . The AnVs for all types of fish oil stored at -27℃ increased from 0.16-0.69 Storage Stability of Fish Oil from Langkawi Island, Malaysia at week 0 to 4.27-5.60 at week 1, while the oils stored at 4℃ increased to 2.14-2.67 after one week of storage. After three weeks of storage, the AnVs ranged from 6.02 to 7.70 for samples stored at -27℃, and from 7.60-11.38 for oil samples stored at 4℃. It is clearly seen that during storage at -27℃, the oil derived from "kembong" had the highest increment in the AnV, whereas the "kerisi" oil was found to be the highest among the samples stored at 4℃. It is interesting to see the changes of AnVs of the "kerisi" oil during the storage at the two different temperatures. While it was found to be the most degradable oil at 4℃, the oil was one of the most stable ones when stored at -27℃. At this temperature, there was no significant (P>0.005) difference between AnVs of "kerisi", "gelama kling", and "tinggiri batang" oils.
Iodine value (IV) is a measure of the total number of unsaturated double bonds present in an oil. The differences in iodine values of the oil during storage are also indicative of the increased rate of oxidation. A significant change in iodine value can be observed when there is an excessive deterioration of the oil (Augustin and Berry, 1983a) . Similar to PV and AnV, in this study, the storage time gave a significant effect on iodine value (Table 4) .
The IVs of fresh oil samples ranged from 178.17 ("kembong") to 190.37 g I 2 /100 g oil ("gelama kling"). It is clearly seen that there was no significant difference (P>0.05) between the values of "kerisi", "kembong" and "kerapu". The value of "kerapu" was also found to be significantly similar (P<0.05) to that of "tinggiri batang". However, after week 3, the PV of "kerapu" oil was significantly higher (P<0.05) than the PVs of the oils of "kerapu" and "kembong" when they were stored at 4℃.
After week 3, the IVs of oils stored at 4℃ ranged from 168.22 to 186.25℃ g I 2 /100 g oil, whereas the oils stored at -27℃ were from 173.50 to 186.10 g I 2 /100 g oil. At 4℃ storage, "kerisi" oil was found to be the most unstable one, where its IV decreased from 178.71 to 168.22, followed by "kembong" oil with the decreased IV from 178.17 to 169.00 g I 2 /100 g oil. The IVs of other oils decreased slightly from 182.51 to 175.20 ("kerapu"), from 190.37 to 186.25 ("gelama kling") and from 184.88 to 180.50 g I 2 /100 g ("tinggiri batang").
In terms of stability, results showed that in general, the changes in IVs of all oils stored -27℃ were better than those from 4℃ storage. After 3 weeks of storage at -27℃, the percentage of loss of unsaturation of "kerisi" oil was 2.41%, much better than a loss of 5.86% when stored at 4℃. The percentage of loss of unsaturation for "kerapu" was 1.79% (compared to 4% at 4℃), whereas the loss for "kembong" oil was 2.62% (5.15% at 4℃).
However, the unsaturation loss of the other two oils stored at -27℃ were relatively comparable to the loss at the 4℃ storage. The oil extracted from "gelama kling" stored at -27℃ had the unsaturation loss of 2.13% (2.16% at 4℃), whereas the unsaturation loss of "tinggiri batang" oil was 2.29% (2.34% at 4℃). A study by Boran et al. (2006) reported that the changes in IV contents of garfish oil during storage at 4 and -18℃ for 5 months were very low, 8.5 and 3.3%, respectively.
Thiobarbituric acid and acid values Changes in thiobarbituric acid (TBA) values of oils derived from 5 different fish species are given in Table 5 . The TBA values of fresh oils ranged from 1.18-1.36 mg MA/kg; however, no significant difference (P>0.05) among these TBA values was observed. During 3 weeks of storage, results showed that there were gradual increases of TBA values of all types of. After 3 weeks, the TBA values ranged from 4.20 to 6.21 mg MA/kg at 4℃ and from 2.55 to 3.80 mg MA/kg at -27℃. At 4℃, the greatest increase was shown by "kerapu" oil (3.57%), followed by "gelama kling" and "kerisi" oils with 3.36 and 3.34%, respectively. The increase in TBA values for the oils from "kembong" and "tinggiri batang" were 2.94 and 2.50%, respectively. At -27℃, "kerisi" oil showed the greatest increase in TBA values (2.07%). The increase for "gelama kling" oil was 2.05%, "kerapu" (1.79%) and "tinggiri batang" (1.58%). The lowest increase for this storage condition was exhibited by "kembong" oil with 1.02%. Similar to TBA values, acid value (AV) also gradually increased with the increased storage time for both storage temperature (Table 6 ). This findings are in line with the report of Boran et al. (2006) , indicating that TBA and AV values of fish oil had slightly decrease with the increased duration of storage. The biggest increase in AV was seen in "kerapu" (from 1.02 to 5.41 mg KOH/g) for the storage at 4℃ and in "tinggiri batang" (from 0.85 to 2.90 mg KOH/g) for samples stored -27℃. Increase in AV is generally associated with lipase activity originating from microorganisms or biological tissue. The acceptable limit for AV is reported to be 7-8 mg KOH/g (Bimbo, 1998) . Our results showed that this limit has not been reached by any oil sample examined until the end of 3-week storage period. 
Conclusion
The effect of storage temperatures on oil quality of various fish species caught in Pulau Tuba, near Langkawi Island, in Malaysia was examined. Results showed that in general, stability of oils stored at -27℃ was better than that of oils stored at 4℃. IV of oils decreased during storage, while other parameters increased. However, the rate of quality deterioration of oil samples was relatively low, meaning that both storage temperatures might be used for storage purposes of fish oil. The existence of initial antioxidants in the oil samples might also contribute to high stability of samples during storage.
